Abstract Despite the strong rationale for combining cytoreductive surgery (CRS) with hyperthermic intraperitoneal chemotherapy (HIPEC) in patients with peritoneal carcinomatosis, thermotolerance and chemoresistance might result from heat shock protein overexpression.
Introduction
Peritoneal tumor dissemination arising from colorectal carcinomatosis, appendiceal carcinomatosis, gastric cancer, gynecologic malignancies, or peritoneal mesothelioma is a common sign of advanced tumor stage or disease recurrence and is usually associated with a poor prognosis (Glehen et al. 2010; Elias et al. 2010a, b; Yan et al. 2009 ). Patients with peritoneal carcinomatosis (PC) are commonly treated with systemic chemotherapy alone or cytoreductive surgery (CRS). Nevertheless, median survival remains low and prognosis poor in response to this therapeutic strategy (Frank et al. 2012; Wagner et al. 2010; Koizumi et al. 2008) . For these reasons, CRS with hyperthermic intraperitoneal chemotherapy (HIPEC) was developed for the management of patients with surface peritoneal malignancies. This combined locoregional treatment enables microscopic or macroscopic sterilization to be carried out and has provided encouraging survival results (Elias et al. 2010b; Glehen et al. 2004) .
HIPEC adds several advantages to intraperitoneal chemotherapy: a direct cytotoxic effect of hyperthermia demonstrated in vitro (Hildebrant et al. 2002) and a synergistic effect with some anticancer agents by improving drug cytotoxicity or by increasing their penetration into tissues (Urano and Ling 2002) . Despite this strong rationale, many peritoneal surface malignancies still progress or recur following this therapeutic strategy. Indeed, exposure of cancer cells to a transient elevation in temperature can result in the activation of cellular stress responses and induce a state of thermotolerance involving heat shock proteins (Hsps) that renders the cancer cells resistant to subsequent lethal insults such as chemotherapy (Takhashi et al. 2008; Li et al. 1995) .
Human heat shock protein 27 (Hsp27) belongs to a family of small Hsps that have cytoprotective roles, including acting as chaperones to protein folding, anti-apoptotic properties, and an antioxidant activity dependent upon reduced glutathione. It is one of the main inducible Hsps, and its increased production was reported to protect cells against stress stimuli including hyperthermia, oxidative stress, death receptor agonists, and chemotherapy (Gabai and Sherman 2002; Arrigo 2001; Charette et al. 2000) . High constitutive expression levels of Hsp27 protein have been reported in numerous cancers (Arrigo et al. 2007; Calderwood et al. 2006) and are correlated with poor prognosis in patients with gastric, liver, and prostate carcinoma and with osteocarcinoma (Romani et al. 2007; Ciocca and Calderwood 2005) . Furthermore, increased Hsp27 levels have been proposed as a discriminating biomarker between patients with and without cancer for pancreatic carcinoma (Liao et al. 2009 ) and breast, ovarian, and endometrial cancers (De and Roach 2004) .
The aim of this study was to evaluate the kinetics of Hsp27 serum levels during surgical procedures with or without HIPEC in the context of PC, other cancers, or benign illness. We conducted this study in two stages. First, we measured patient serum Hsp27 levels at different timesbefore surgery, at completion of HIPEC, and then at 24 h following a HIPEC procedure with PC for malignant diseases-and compared these results with those for healthy controls. Second, we evaluated the kinetics of Hsp27 expression before and at different times after the HIPEC procedure to compare the results with those obtained for patients with cancer or a history of cancer undergoing abdominal surgery and noncancerous patients undergoing abdominal surgery. This is the first human study including a biological marker that might offer a potential explanation for HIPEC resistance and possibly represent a target therapy in HIPEC procedures.
Materials and methods

Study protocol
Preliminary study
Between February and April 2009, 12 patients were enrolled in the first preliminary study with the goal of assessing variations in Hsp27 protein expression before, at the end of, and at 24 h after the HIPEC procedure. Four patients had primary ovarian carcinomatosis, four had colorectal carcinomatosis, three had pseudomyxoma peritonei, and one had a peritoneal mesothelioma. The group comprised four men and eight women, with a mean age of 51.9±10.2 years. In addition, a group of healthy volunteers (20 employees of the Lyon Sud General Public Hospital) accepted to be tested to determine the basal level of Hsp27 expression. This population comprised 6 men and 14 women with a mean age of 31.3±9.1 years.
Main study
The main study, conducted from April 2009 to February 2011, included patients receiving CRS plus HIPEC for PC (group 1), patients with colorectal cancer or a history of cancer undergoing abdominal surgery (group 2), and patients without cancer undergoing abdominal surgery (group 3). A standard data form was created to collect information on the origin of PC and the status of the patient before undergoing the combined procedure, including age, sex, extent of the PC, and any previous treatment with systemic chemotherapy regimens. The Sugarbaker Peritoneal Cancer Index (PCI) was used to assess the extent of PC (1, 2) . Information recorded about the combined procedure included the date; a score for the extent of cytoreduction (CC-0, no disease left; CC-1, nodule(s) size <2.5 mm; CC-2, nodule size 2.5 mm to 2.5 cm; CC-3, nodule size>2.5 cm; Jacquet and Sugarbaker 1996) ; the simultaneous resection of primary tumor or of liver metastases; the presence or absence of lymph node metastases; the modalities of HIPEC (drugs used, temperatures, duration); and any treatment with adjuvant systemic chemotherapy. Information on the modality open/closed procedure was not collected because the "closed" HIPEC procedure was always used. All indications were discussed in a multidisciplinary oncology meeting. Informed signed consent was obtained from patients and healthy volunteers according to our research ethics requirements. All human investigations were performed after approval by a local Human Investigation Committee and in accordance with an assurance filed with and approved by the Department of Health and Human Services. Our protocols for human experimentation were reviewed in accordance with the precepts established by the Helsinki Declaration.
HIPEC procedures
With the patient under general anesthesia and subject to complete hemodynamic monitoring, careful abdominal exploration was conducted and cytological and pathology samples taken through a median laparotomy (from the xyphoid to the symphysis pubis). Surgical resection of the primary tumor was performed according to oncological surgical rules (lymphadenectomy, acceptable margins). CRS was undertaken to obtain a complete macroscopic cytoreduction with curative intent in the absence of contraindications. After exhaustive surgical exploration, if the extent of the PC did not enable us to perform cytoreduction, patients did not undergo the HIPEC procedure and were placed in group 2. At the end of each surgical procedure after complete cytoreduction, a HIPEC infusion was carried out with the patient under general anesthesia and general hypothermia. HIPEC was performed using the closed abdomen technique at a temperature of 42°C (Glehen et al. 2003) , with the choice of cytotoxic agent and duration of hyperthermia depending on the site of carcinomatosis: oxaliplatin for colorectal carcinomatosis, cisplatin plus mitomycin C or mitomycin C plus irinotecan for pseudomyxoma peritonei, cisplatin for primary ovarian carcinomatosis, or mitomycin C plus cisplatin for peritoneal mesothelioma. This combined procedure enables the delivery of high concentrations of cytotoxic agents to the abdomen and provides the combined cytotoxicity of chemotherapy and heat to destroy microscopic residual tumor cells.
Serum sampling and Hsp27 measurement
Blood was collected before surgery, at the end of surgery before HIPEC, at the end of HIPEC, and at 4 and 24 h after HIPEC or surgery. Serum samples were recovered after blood centrifugation at 1,200×g for 10 min at 4°C. Serum samples were stored at −80°C until analysis. Hsp27 levels were measured using an ELISA with Hsp27 ImmunoSet high-sensitivity kit from Enzo Life Science (Villeurbanne, France). Briefly, a monoclonal antibody specific for Hsp27 was precoated onto a microtiter plate. Samples and standards were incubated along with a biotinylated anti-Hsp27 polyclonal antibody in the microplate. After incubation and wash steps, streptavidin conjugated to horseradish peroxidase was added. After another incubation and wash, an enzyme substrate was added. Color development was then monitored using a Multiskan Spectrum (Thermo Electron Corporation, Waltham, MA). The color generated was proportionate to the amount of Hsp27 present in the sample. Analyses were performed in duplicate on two different dilutions in each assay. The lower limit of detection of this kit is 0.097 ng/mL.
CRP measurement
The levels of C-reactive protein (CRP), a marker of inflammation, were determined using a turbidimetric assay (AU 2700 Olympus Analyzer, Beckman Coulter, Inc., Palo Alto, CA) in each group of patients in the main study at baseline before any kind of surgery. The normal concentration in healthy human serum is <2 mg/L.
Statistical analysis
All values are expressed as the mean±SD. The MannWhitney nonparametric U test was performed to compare independent data, and the Wilcoxon signed-rank test was applied to paired data. Spearman's rank correlation (ρ) was used to assess the correlation among Hsp27 protein expression levels, the CRP values, and the duration of surgery. A two-tailed p<0.05 was considered statistically significant. Statistical analyses were performed using the SAS software package (version 9.2, SAS Institute, Cary, NC).
Results
Preliminary study
The mean Hsp27 expression levels were 19.9±19.2 ng/mL (range = 1.7-51.2, median = 12.8) before CRS, 38.6 ± 32 ng/mL (range=9.7-129.2, median=30.0) at the end of HIPEC, and 22.4±9.8 ng/mL (range=11.7-45.8, median= 20.6) 24 h afterward. Figure 1 shows a box plot of these data. In healthy volunteer controls, the reference mean Hsp27 value was 4.0±2 ng/mL (range=0.7-1.7, median= 3.0). Hsp27 levels were significantly higher in patients with Fig. 1 Variations in Hsp27 serum levels in the preliminary study.
Lines from bottom to top show the minimum, 25th percentile, median, 75th percentile, and maximum. Asterisk indicates the mean value PC than in healthy controls (p<0.001) and increased significantly in response to HIPEC (p=0.05) compared with before surgery. In contrast, the mean Hsp27 values obtained 24 h after the HIPEC procedure were not significantly different from the values before surgery.
Main study
To confirm the increase in Hsp27 levels during the combination of CRS and HIPEC and to analyze the influence of each procedure, we followed the kinetics of Hsp27 expression during and following the CRS and HIPEC procedures.
Overall population results
In group 1, nine patients had primary ovarian carcinomatosis, seven had pseudomyxoma peritonei, four had colorectal carcinomatosis, three had a primary serous primitive peritoneal carcinoma, one had a peritoneal mesothelioma, and one had appendiceal carcinomatosis. The mean PCI was 13.5± 8.8. Complete cytoreduction (score CC-0) was achieved in 18 patients (72 %). Twenty-one of the 25 patients in group 1 were treated with initial systemic chemotherapy regimens according to the primary malignant disease. In group 2, one patient had pseudomyxoma peritonei, one had gastric carcinomatosis, another had a uterine sarcoma, another had a neuroendocrine carcinoma, and seven had colorectal cancers. In this group, only five patients had PC; three were free of tumor at the time of surgery, but were not considered as being cured. In group 3, no patients had cancer or a history of cancer and all underwent surgery: five patients for an inflammatory and ten for a non-inflammatory gastrointestinal disease. The main characteristics of the three groups of patients are listed in Table 1 .
Levels of Hsp27 in the three groups
In group 1, the mean Hsp27 expression level before CRS was 23.5±24.7 ng/mL. At the end of CRS and HIPEC, the Hsp27 levels increased respectively to 77.5 ± 52.3 and 49.9 ± 25.4 ng/mL. Then, it decreased to 29.6±13.5 ng/mL at 4 h after HIPEC and 25.3±16.6 ng/mL at 24 h after HIPEC (Fig. 2) . The high Hsp27 levels observed at the end of surgery compared with before surgery (p<0.0001) decreased during the HIPEC procedure, but remained significantly higher than the levels measured before surgery (p<0.0005). Hsp27 levels continued to decrease following HIPEC and returned to baseline levels at 24 h.
The mean Hsp27 expression levels in group 2 were 28.1± 22.2 ng/mL before abdominal surgery, 44.4±40.5 ng/mL at the end of surgery, 26.7±12.5 ng/mL at 4 h after surgery, and 31.7±22.0 ng/mL at 24 h after surgery (Fig. 2 ). There were no statistically significant variations in Hsp27 expression levels during and after abdominal surgery among these patients The mean Hsp27 expression levels in group 3 were 21.1 ± 13.7 ng/mL before abdominal surgery, 21.5±10.9 ng/mL at the end of surgery, 24.6±24.4 ng/mL at 4 h after surgery, and 20.3±15.1 ng/mL at 24 h after surgery (Fig. 2 ). There were no statistically significant variations in Hsp27 expression levels throughout the course of abdominal surgery in these patients.
CRP levels in the three groups CRP serum levels before surgery were usually higher than the reference value (<2 mg/mL) in all three groups. However, no statistically significant correlations were found between CRP and Hsp27 levels.
Specific data for group 1 A slightly positive correlation was obtained between the increase in Hsp27 levels and surgery duration (ρ=0.43, p=0.05; shown in Fig. 3 , with one extreme value omitted). The Hsp27 levels were not significantly different between patients scoring CC-0 and those scoring CC-1 or CC-2 before surgery (p=0.06), at the end of surgery (p=0.15), at the end of HIPEC (p=0.07), or at 4 h after HIPEC (p=0.25). However, for patients scoring CC-1 or CC-2, Hsp27 was significantly higher at 24 h after HIPEC (36.8±18.8 vs. 18.4± 11.1 ng/mL, p<0.05; Table 2 ).
Discussion
HIPEC has shown promise in the treatment of PC. Nevertheless, despite its curative intent and a strong rationale for treating digestive tract and ovarian carcinomatosis, the patient survival and oncologic results could still be improved (Yan et al. 2009; Frank et al. 2012; Cioppa et al. 2008; Vaira et al. 2010) . Thus, it is essential to understand the mechanisms underlying the resistance to HIPEC. To this end, clinical prognostic factors have been researched extensively in the past few years with the aim of identifying patients who might be sensitive to HIPEC treatment (Glehen et al. 2010; Elias et al. 2010a, b) . Unfortunately, the biological processes underlying resistance remain unknown. Hyperthermia improves the effectiveness of chemotherapy by creating oxygen free radicals, which activate signaling pathways leading to cell death, by oxidizing DNA, membrane lipids, and proteins (Katschinski et al. 2000; Wang et al. 2007) .
In contrast to normal tissues, malignantly transformed cells have been found to overexpress Hsps in the cytosol, which might cause their translocation into the plasma membranes and into the extracellular milieu (serum). Members of the Hsp70 and Hsp90 families are present on the plasma membrane of a number of different tumor entities (Shin et al. 2003) , where they act as danger signals for the innate and adaptive cellular immune system (Schmitt et al. 2007 ). The literature fails to report information on the interaction of Hsp27, hsp70 and 90 proteins with the immune response, such as their association with immunogenic peptides or immunoregularity activities which could contribute to immunopathology. By regulating the metabolism of glutathione (a major intracellular antioxidant) through the activation of glucose-6-phosphate dehydrogenase, Hsp27 protects cells from oxidative stress. Hsp27 can inhibit apoptosis through direct interaction with cytochrome c and inhibition of caspase activation and is also involved in the regulation of the Akt serine/threonine protein kinase pathway involved in cell survival (Aloy et al. 2008; Havasi et al. 2008) . Because the overexpression of Hsp27 is frequently associated with thermotolerance and chemoresistance (Takhashi et al. 2008; Li et al. 1995) , it appears to be a good candidate for explaining resistance to HIPEC. It should be noted that overexpression of Hsp27 in serum could be related to its release following stress-induced necrotic cell death.
To test this hypothesis, we followed the variations in Hsp27 expression in the serum of patients throughout the treatment. At the end of CRS, i.e., at the beginning of HIPEC, Hsp27 levels significantly increased in patients with PC, but not in those with cancer or a history of cancer who underwent abdominal surgery. Hsp27 expression has been described as an independent prognostic factor for patients with ovarian carcinomas, constituting 36 % of those in groups 1, and in patients with rectal cancer (Geisler et al. 2000; Tweedle et al. 2010) . Moreover, in patients without cancer with inflammatory disease, abdominal surgery did not increase Hsp27 levels. As suggested by the absence of correlation with the CRP levels, Hsp27 expression is independent from inflammatory processes. Indeed, the Spearman correlations found between Hsp27 levels and either the CCR score or the duration of surgery suggest that Hsp27 could be incorporated as a biological marker in the calculation of the score index.
As hyperthermia frequently induces heat tolerance in cancer cells, the response to HIPEC becomes limited. Therefore, the inhibition of Hsp27 accumulation is a key issue in promoting the effectiveness of hyperthermia. Antisense oligonucleotides (ASOs) are powerful tools to inhibit target gene expression in a sequence-specific manner. Thus, OGX-427 (Oncogenex), a second-generation ASO drug that in preclinical experiments significantly decreased the levels of Hsp27 and induced apoptosis, acted as a chemosensitizer in combination with gemcitabine (Baylot et al. 2011) and as a radiation sensitizer in patients with radioresistant head and neck squamous cell carcinomas (Hadchity et al. 2009 ). Phase I and II clinical trials on patients with bladder and prostate cancers that Fig. 3 Correlation between the increase in Hsp27 levels and surgery duration in group 1, comprising patients receiving CRS plus HIPEC for PC (one extreme value has been omitted) are underway have already demonstrated the potential benefit of OGX-427 when administered to patients in combination with chemotherapy (Chi et al. 2012) . The administration of OGX-427 or compounds targeting Hsp27 would be appropriate in the context of HIPEC for patients with PC regardless of the primary cancer location, and selection of patients by their Hsp27 serum level expression might represent a further refinement of this therapeutic strategy.
